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Objective: Cellular outgrowth from articular cartilage tissue has been described in a number of recent
experimental studies. The aim of this study was to investigate the occurrence of cellular outgrowth from
articular cartilage explants isolated from adult human donors.
Method: Macroscopically intact articular cartilage specimens were isolated from adult human donors
and cultured either in their native status, or in a cleansed status achieved by forced washing to minimize
attaching cells. Additionally, the effect of chemotactic stimuli including cell lysate, High-Mobility-Group-
Protein B1 (HMGB-1), Trefoil-factor 3 (TFF3), bone morphogenetic protein-2 (BMP-2), transforming
growth factor-ß1 (TGF-ß1), or three-dimensional ﬁbrin or collagen matrices were investigated. Co-
cultures with synovial membrane served as a positive control for a source of migratory cells. The
occurrence of cellular outgrowth was analyzed by histological examination after a culture period of 4
weeks.
Results: Spontaneous cellular outgrowth from cleansed cartilage specimens was not observed at a
relevant level and could not signiﬁcantly be induced by chemotactic stimuli or three-dimensional
matrices either. A forming cartilage-adjoining cell layer was only apparent in the case of native carti-
lage explants with cellular remnants from surgical isolation or in co-culture experiments with synovial
membrane.
Conclusion: The relevance of cellular outgrowth from cartilage tissue is largely absent in the case of adult
human articular cartilage samples. A cartilage-adjoining cell layer forming around the explants may
instead originate from still attaching cells that remained from surgical isolation.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
In recent years, the dogma of a lacking regenerative capacity of
articular cartilage has been challenged by the identiﬁcation of
chondrogenic progenitor cells (CPCs) within articular cartilage tis-
sue itself1,2. Moreover, these CPCs are supposed to have a migratory
potential3e6. Indeed, cellular outgrowth from cartilage tissue has
been shown in vitro and in vivo3,5e9. In this context, the question
arises, why this does not happen in vivo in naturally occurring
diseases. Such cellular outgrowth would have enormous impact on
endogenous cartilage repair.
According to the established dogma that articular cartilage has no
capacities for self-repair, we hypothesized that e in adult articular. Gelse, Dept. of Orthopaedic
, Krankenhausstr. 12, 91054
31-8533300.
ternational. Published by Elsevier Lcartilage samples e outgrowth of chondrocytes does not occur.
Furthermore,we assumed that cellularoutgrowthwill not be elicited
by chemotactic stimuli either. It was of particular interest if single
cartilage-attaching cells remaining from the surgical procedure may
bias putative cellular outgrowth. Therefore, adult human articular
cartilage specimens were either cultured in a native status or in a
cleansed status achieved by forced washing. Co-cultured synovial
tissue served as a “positive control” to provide a source formigratory
cells. Cartilage specimens from adult human donorswere chosen for
this study to provide a setting with clinical relevance.Methods
Isolation and preparation of cartilage explant specimens
Osteochondral specimens (n ¼ 76) were obtained from the
femoral trochlea harvested from eight human donors undergoingtd. All rights reserved.
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69.88 years; range 53e80 years). Informed consent was obtained
from each patient prior to surgery, and the institutional ethics
committee approved the study protocol. Cartilage specimens
(6 6 3 mm) were isolated from the osteochondral samples with
a scalpel only from macroscopically non-ﬁbrillated areas with
grades 0 or 1 in the Outerbridge classiﬁcation (grades 0 or 1A on the
ICRS-scale) and brieﬂy washed in phosphate-buffered saline (PBS).
Within each cartilage specimen, a central groove with a width of
2e3 mm, and a depth of 1 mmwas created with a scalpel to expose
deeper cartilage layers. This procedure allowed to yield both areas
with an intact surface and areas with a breached collagen network
within the same specimen. The further pretreatment of the carti-
lage specimens included either one brief washing step by shaking
at 100 rpm for 5 s in PBS using a vortex mixer (“native cartilage”) or
thorough washing by 5 shaking at 500 rpm each for 10 s in fresh
PBS (“cleansed cartilage”) to minimize the number of cartilage
attaching cells.
Culturing
Cartilage explants were transferred into 12-well plates with the
superﬁcial zone facing up and cultured in 500 ml Dulbecco's
modiﬁed Eagle's medium (DMEM), 10% fetal calf serum and 1%
penicillin-streptomycin and further cultured for 4 weeks. To eval-
uate the effect of different stimuli on potential cell outgrowth a
spatial gradient of representative chemotactic factors was applied.
Therefore, 5 ml of DMEM containing either 200 mg/ml High-
Mobility-Group-Protein B1 (HMGB-1) (LifeTechnologies, Darm-
stadt, Germany), 10 mg/ml Trefoil-factor 3 (TFF3), 10 mg/ml bone
morphogenetic protein-2 (BMP-2) (R&D Systems, Minneapolis,
MN), or 10 mg/ml transforming growth factor-ß1 (TGF-ß1) (Pepro-
tech, Rocky Hills, NJ), was applied into the groove of the explants,
followed by coverage with 10 ml of ﬁbrin to avoid immediate
dissemination. After gelation, the explants were covered with
additional 0.5 ml of culture medium. As we anticipated a gradual
dilution of the initially applied volume of 5 ml of the chemotactic
factors into the entire culture medium, the chemotactic factors
were applied at concentrations 100-fold higher than the bioactive
concentrations reported in literature4,10e12. Every 7 days, the
chemotactic factors and the culture medium were exchanged ac-
cording to the initial procedure. As an unspeciﬁc stimulus, the ex-
plants were exposed to 50 ml/ml cell lysate which was obtained by
repeated freeze-thawing of 1.25  105 primary human articular
chondrocytes of the same respective donors followed by subse-
quent centrifugation4,10e12. Each stimulation experiment was per-
formed at least three times with specimens from different donors,
respectively.
For co-culture experiments, pieces of the synovial membrane
(4  4  4 mm) from the knee joints of the same donors were
placed next to the cartilage specimens with direct contact of both
tissues. Both explants were either kept in normal culture medium,
or covered by 50 ml ﬁbrin glue (90 mg/ml ﬁbrinogen) (Aventis-
Behring, Marburg, Germany), or 50 ml collagen matrix (4.8 mg/ml
collagen type-I gel) (Chondroﬁller liquid, Amedrix, Esslingen, Ger-
many) followed by addition of culture medium after gel formation
of the respective matrix.
Histological preparation and analysis
Before and after the culture period of 4 weeks, the explants were
ﬁxed in 4% paraformaldehyde. After standard processing, the
samples were embedded in parafﬁn. Serial transverse sectionswere
cut right-angled to the alignment of the groove and stained with
toluidine-blue, safranin-O or hematoxylin/eosin. To determine thenumber of cells adjoining the surface of the cartilage explant, ﬁve
parallel sections with a separation distance of 1 mmwere captured
using a Leica microscope camera throughout the surface of the
explant and further analyzed using a digital imaging program. For
each treatment group, the mean number of cells adjoining the
surface all over the graft periphery was determined per mm2 and
averaged over the ﬁve sections and the three independent donors.
Statistics
Data are presented as mean ± standard error of mean (S.E.M) of at
least three independent experiments with samples from different
donors for each replicate experiment. For the direct comparison
between cleansed and native cartilage, the statistical analysis was
performed using Student's 2-sided t-test. For analyzing the inﬂu-
ence of chemotactic factors and matrices, multiple comparison
analysis of variance (ANOVA) followed by TukeyeKramer-test was
applied. P values less than 0.05 were considered signiﬁcant. Sta-
tistical analysis was performed by using the GraphPad Prism 6
software.
Results
Both cleansed and native articular cartilage specimens used for
this study were characterized by no or only minimal degenerative
alterations (Fig. 1aed). High magniﬁcations of freshly isolated
native cartilage samples revealed the existence of single cells
attaching to the surface of the cartilage explants prior to culturing
(Fig. 1e, f). After the culture period of 4 weeks, the integrity of the
explants was still intact, albeit their proteoglycan content was
reduced (Fig. 1g, h). The number of cells adjoining the cartilage
explants differed signiﬁcantly between cleansed and native carti-
lage samples (P ¼ 0.002) (Fig. 1i). We could not observe a relevant
number of cells on the surface of “cleansed cartilage” explants
(Fig. 1j). Even those cells located in close distance to the surface
within the cut groove did not show any signs of migration (Fig. 1j).
In contrast, “native cartilage” specimens were covered by a
considerable number of cells (19.2 ± 3.3/mm2). These cartilage-
adjoining cells were characterized by an elongated ﬁbroblast-like
morphology and did not build up a three-dimensional extracel-
lular matrix within the observation period under the given
culturing conditions (Fig. 1k).
A selection of chemotactic and chondrogenic stimuli including
cell lysate, HMGB-1, TFF3, BMP-2 and TGF-ß1 were applied to the
explant cultures, however, these factors neither elicited outgrowth
of matrix-embedded chondrocytes, nor signiﬁcantly increased the
number of cells adjoining “native cartilage” specimens (Fig. 1l).
After 4 weeks of co-culturewith synovial tissue, cells had spread
out from the synovial tissue and were found on the bottom of the
culture dish and could also be detected on the surface of the
cartilage grafts (Fig. 2a). The cells were characterized by a
ﬁbroblast-like morphology. With no additional scaffold, these cells
rather formed a monolayer than generating a three-dimensional
extracellular matrix (Fig. 2b). The application of a ﬁbrin or
collagen matrix had no signiﬁcant effect on the number of
cartilage-adjoining cells (Fig. 2), but allowed the synovium-derived
cells to grow within the three-dimensional matrices (Fig. 2c, d).
There was no bonding of ﬁbrin glue to the cartilagematrix, whereas
the collagen matrix tightly merged with the cartilage matrix
(Fig. 2c).
Discussion
This study conﬁrms our hypothesis and the established dogma
that, at least in the adult e articular cartilage has no capacities for
Fig. 1. Overview of cartilage samples and the number of cartilage-adjoining cells depending on the status of the cartilage grafts and stimuli. Prior to culturing, cleansed (a, b) and
native (c, d) articular cartilage samples with created groove were evaluated for their integrity. High magniﬁcations of fresh native cartilage samples show the existence of single cells
attaching to the surface of the cartilage explants prior to culturing (arrow in e, f). After culturing for 4 weeks, the integrity of the grafts was retained, albeit the proteoglycan content
was reduced (g, h). After 4 weeks, there was a signiﬁcant difference in cartilage-adjoining cells between cleansed and native cartilage specimens (n ¼ 5 replicate experiments)
(**P ¼ 0.002) (i). No cellular outgrowth was observed in cleansed cartilage specimens (j). Native cartilage specimens were surrounded by ﬁbroblast-like cells (k). The application of
cell lysate or selected chemotactic stimuli did not signiﬁcantly inﬂuence the number of cartilage-adjoining cells (l) (n ¼ 3 replicate experiments). Safrain-O staining in a, c, e, g.
Hematoxylin/Eosin staining in b, d, f, h. Toluidine blue staining in j, k. Different indices (“ah”) denote signiﬁcantly different values (“a” vs “b”: P ¼ 0.019; “a” vs “c”: P < 0.001; “c”
vs “d”: P ¼ 0.003; “c” vs “ε”: P ¼ 0.001; “c” vs “f”: P ¼ 0.002; “c” vs “g”: P ¼ 0.002; “c” vs “h”: P ¼ 0.001). Bars ¼ 1 mm in a, b, c, d, g, h. Bars ¼ 0.1 mm in e, f, j, k.
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Fig. 2. Inﬂuence of three-dimensional matrices on the number of cartilage-adjoining cells. Neither a ﬁbrin matrix nor a collagen matrix elicited the cellular outgrowth from
cleansed cartilage grafts and the matrices did not signiﬁcantly alter the number of cartilage-adjoining cells in native grafts or co-cultures with synovial membrane (a). Without an
additional matrix, the co-culture with synovial membrane signiﬁcantly increased the number of cartilage-adjoining cells oriented in a cell layer (b). In co-cultures with application
of a ﬁbrin matrix (c) or a collagen matrix (d), the adjoining cells were distributed three-dimensionally within matrices. Toluidine blue staining. Different indices (“af”) denote
signiﬁcantly different values (“a” vs “b”: P ¼ 0.020; “c” vs “d” P ¼ 0.022; “a” vs “d”: P ¼ 0.003; “ε” vs “b”: P ¼ 0.018; “ε” vs “d”: P ¼ 0.003; “b” vs “f”: P ¼ 0.032; “d” vs “f”: P ¼ 0.006)
(n ¼ 4 replicate experiments). Bars ¼ 0.1 mm.
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chondrocytes from articular cartilage tissue. Thus, the migratory
potential of matrix-embedded chondrocytes or CPCs in intact ma-
trix in response to injury should not be overestimated. The samples
derived from adult donors undergoing joint replacement for oste-
oarthritis and, although the samples were isolated from intact joint
areas with no signiﬁcant signs of degeneration, samples from
healthy young donors may behave different in this context.
Nevertheless, the lack of cellular outgrowth reﬂects the results of
our recent ovine in vivo-model, in which we could not detect any
cellular outgrowth from transplanted cartilage tissue autografts
within chondral defects10. We further investigated if chemotactic
agents may induce cellular outgrowth. Among those, HMGB-1 was
recently identiﬁed to effectively stimulate the migration of CPCs4.
TFF3 was shown to be an effective chemotactic agent for the wound
healing of the cornea, another avascular tissue similar to cartilage13.
BMP-2 is considered an effective chondrogenic factor in various
cartilage repair studies14. TGF-ß1 is another factor with high
chemotactic capability5. However, none of these factors elicited
detectable cellular outgrowth nor did they have a signiﬁcant effect
on the number of cartilage-adjoining cells. It is true thatmanymore
potential factors will need further investigation, however, cell
lysate as a non-speciﬁc stimulus associated to tissue trauma con-
taining a broad spectrum of alarmins4 was also ineffective in this
study.
This study rather suggests that a “contamination” of the carti-
lage grafts by attaching mesenchymal cells that originated most
putatively from the bone marrow as remnants from the surgical
procedure may contribute to the adjoining cell layer. Only forced
washing may purify the cartilage specimens from those cells. Thus,
outgrowth of chondrocytes should be interpretedwith care in adult
human grafts, but may be relevant in young immature individualsor other species3,7,8. Under the given experimental setup, the
cartilage-adjoining cells failed to produce a three-dimensional
extracellular matrix. Nonetheless, these mesenchymal cells may
contribute to the formation of cartilaginous repair tissue under a
more permissive chondrogenic environment (e.g., joint
environment).
The intact cartilage matrix itself may represent a barrier for the
sparsely distributed chondrocytes within articular cartilage15. In
this context, blunt impact may enable single cells to extrude from
the cartilage matrix due to breakage of the collagen network4,7. In
this study, the groove was created by a scalpel, which may be
different from blunt trauma. Nonetheless, also a sharp cut results in
a subsequent fraying of the collagen network and it was recently
shown that a sharp trauma affects the cellular activity within the
lesion edges with increased matrix synthesis16. Despite such
impact on the adjacent tissue, no effect on chondrocyte outgrowth
could be observed in this present study. In this respect, increased
expression of matrix-degrading enzymes or enzymatic treatment
may be one prerequisite for the cells to escape from the cartilage
matrix4,17, but we deliberately abandoned the use of enzymes due
to the impractical clinical use. Notably, a short exposure to the
catabolic cytokine Interleukin-1ß was shown to enhance cartila-
geecartilage integration in young bovine cartilage explants by
upregulating MMP13 and ADAMTS417, while migratory activity of
CPCs could not be stimulated by catabolic cytokines6. Future studies
will have to prove such effects in adult human cartilage.
As a “positive control”, co-cultured synovial tissue served as
source for a migratory repair cell population. This observation
outlines the need for additional cells or tissues for repair strategies,
among which the synovial tissue may be one candidate18,19. Future
studies will have to further analyze methods to stimulate chemo-
taxis and ingrowth of synovial-derived cells.
C. Zingler et al. / Osteoarthritis and Cartilage 24 (2016) 124e128128In conclusion, the phenomenon of cellular outgrowth from
cartilage tissue should be interpreted with care, at least when
focusing on adult human cartilage. Our data suggest that the
forming cartilage-adjoining cell layer rather originates from
cartilage-attaching single cells remaining from the surgical proce-
dure than frommigrating cartilage-embedded cells. From a clinical
point of view, the largely limited endogenous regenerative capacity
of adult articular cartilage requires the supply of an additional cell
population, which may be recruited from periarticular tissues.
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